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ABSTRACT: The assignment of the aliphatic 'H and '*C resonances of IL-18, a protein of 153 residues and
molecular mass 17.4 kDa, is presented by use of a number of novel three-dimensional (3D) heteronuclear
NMR experiments which rely on large heteronuclear one-bond J couplings to transfer magnetization and
establish through-bond connectivities. These 3D NMR experiments circumvent problems traditionally
associated with the application of conventional 2D 'H-'H correlation experiments to proteins of this size,
in particular the extensive chemical shift overlap which precludes the interpretation of the spectra and the
reduced sensitivity arising from 'H line widths that are often significantly larger than the 'H-'H J couplings.
The assignment proceeds in two stages. In the first step the 1*Ca chemical shifts are correlated with the
NH and '*N chemical shifts by a 3D triple-resonance NH-!SN-13Ca (HNCA) correlation experiment which
reveals both intraresidue NH(i)-’N(i)-13Ca(i) and some weaker interresidue NH(#)-"N(i)-Ca(i-1)
correlations, the former via intraresidue one-bond 'Jnc, and the latter via interresidue two-bond 2J/xc,
couplings. As the NH, 1°N, and C*H chemical shifts had previously been sequentially assigned by 3D 'H
Hartmann—Hahn "N-'H multiple quantum coherence (3D HOHAHA-HMQC) and 3D heteronuclear 'H
nuclear Overhauser N-'H multiple quantum coherence (3D NOESY-HMQC) spectroscopy [Driscoll,
P. C., Clore, G. M., Marion, D., Wingfield, P. T., & Gronenborn, A. M. (1990) Biochemistry 29, 3542-3556],
the 3D triple-resonance HNCA correlation experiment permits the sequence-specific assignments of 3Ca
chemical shifts in a straightforward manner. The second step involves the identification of side-chain spin
systems by 3D 'H-13C-13C-'H correlated (HCCH-COSY) and 3D 'H-!3C-13C-'H total correlated
(HCCH-TOCSY) spectroscopy, the latter making use of isotropic mixing of 3C magnetization to obtain
relayed connectivities along the side chains. Extensive cross-checks are provided in the assignment procedure
by examination of the connectivities between 'H resonances at all the corresponding !*C shifts of the directly
bonded 3C nuclei. In this manner, we were able to obtain complete 'H and '3C side-chain assignments
for all residues, with the exception of 4 (out of a total of 15) lysine residues for which partial assignments
were obtained. The 3D heteronuclear correlation experiments described are highly sensitive, and the required
set of three 3D spectra was recorded in only 1 week of measurement time on a single uniformly SN /13C-
labeled 1.7 mM sample of interleukin-18. This first example of the essentially complete side-chain assignments
of a protein with a molecular mass greater than 15 kDa by heteronuclear 3D NMR methods provides a
basis for the determination of a full high-resolution three-dimensional structure of interleukin-14 in solution.

Interleukin-l 8 (IL-18)! is a member of the cytokine family
of proteins, which play a central role in the immune and
inflammatory responses. It is a protein of 153 amino acids
with a molecular mass of 17.4 kDa, and its wide-ranging
biological activities include stimulation of B-lymphocyte
proliferation and fever induction [see Oppenheim et al. (1986),
Dinarello (1988), and Moore (1989) for reviews]. In two
recent papers we presented the complete assignment of the SN
and 'H resonances of the polypeptide backbone of IL-18 and
the determination of its secondary structure and molecular
topology using 3D heteronuclear 'H-'"N NMR spectroscopy
(Driscoll et al., 1990a,b). At that time only a limited number
of 'H side-chain resonance assignments were obtained owing
to two factors. First, the sensitivity of homonuclear J corre-
lation experiments (COSY, P.COSY, DQF-COSY, HOH-
AHA, etc.) is reduced in larger proteins owing to their slow
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tumbling, which results in 'H line widths that are often sig-
nificantly larger than many of the !H-'H couplings. As a
result, only a limited number of relayed through-bond con-
nectivities were observed in the 'H-!N 3D HOHAHA-
HMQC experiments, thereby preventing in the majority of
cases the correlation of NH chemical shifts with those of
side-chain protons (CPH and beyond). Second, extensive
chemical shift overlap in the aliphatic region of the 2D 'H-'H

! Abbreviations: IL-18, interleukin-18; COSY, correlated spectros-
copy; HOHAHA, homonuclear Hartmann—Hahn spectroscopy; TOCSY,
total correlated spectroscopy; HMQC, heteronuclear multiple quantum
correlation spectroscopy; DQF-COSY, double quantum filtered corre-
lated spectroscopy; P.COSY, primitive correlated spectroscopy; HNCA,
3D triple-resonance NH-'*N-!3Ca correlation spectroscopy; HCCH-
COSY, 3D 'H-3C-3C-'H correlation spectroscopy via 'Jec carbon
couplings; HCCH-TOCSY, 3D 'H-!3C-!3C-'H total correlation spec-
troscopy with isotropic mixing of '*C magnetization; 'H-'*C NOESY-
HMQC, 3D heteronuclear 'H nuclear Overhauser '*C-'H multiple
quantum coherence spectroscopy; 'H-'*N NOESY-HMQC, 3D hetero-
nuclear 'H nuclear Overhauser '*N-!'H multiple quantum coherence
spectroscopy; '"H-""N HOHAHA-HMQC, 3D heteronuclear 'H Hart-
mann-Hahn ¥N-'H multiple quantum coherence spectroscopy; NOE,
nuclear Overhauser effect; rf, radiofrequency.
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P.COSY and HOHAHA spectra, coupled once again with
only limited relayed transfers in the relayed COSY and
HOHAHA spectra, rendered assignments difficult, particu-
larly for the longer side chain amino acids.

To circumvent these problems, we have resorted to tech-
niques that do not rely on the poorly resolved '"H-'H J cou-
plings to establish through-bond connectivities but, instead,
utilize the well-resolved one-bond 'H-'3C, 13C-13C, 'H-1°N,
and '"N-13Ca J couplings to transfer magnetization (Kay et
al., 1990a,b; Tkura et al., 1990a; Fesik et al., 1990; Bax et al.,
1990a,b). In this paper, we demonstrate that a variety of 3D
experiments based on these heteronuclear couplings enable
assignments of the side-chain 'H and '*C resonances to be
obtained with relative ease. The strategy involved comprises
two stages. In the first step the NH and !N chemical shifts,
which had been previously assigned from the 3D 'H-'’N
NOESY-HMQC and HOHAHA-HMQC spectra (Driscoll
et al., 1990a), are correlated with 1*Coa chemical shifts by use
of a triple-resonance 3D correlation experiment. This is
followed by the second step in which the identification of
side-chain spin systems is achieved by 3D 'H-3C-*C-'H
(HCCH)-COSY and HCCH-TOCSY spectroscopy. The
latter is a hybrid of the HCCH-COSY (Kay et al., 1990a; Bax
et al., 1990a) and CCH-TOCSY (Fesik et al., 1990) exper-
iments and utilizes isotropic mixing of '*C magnetization to
obtain relayed connectivities along the side chain. By this
mean, we were able to obtain, with the exception of only 4 (out
of a total of 15) lysines, complete 'H and '*C assignments for
the side-chain resonances of IL-183. These assignments lay the
groundwork for interpreting the 3D 'H-’N and 'H-13C
NOESY-HMQC spectra, as well as the 4D *C/"*N and
BC/MC edited NOESY spectra (Kay et al., 1990c), to obtain
a large number of approximate interproton distance restraints
required for a full high-resolution three-dimensional structure
determination of IL-18 in solution. In addition, the 13C as-
signments provide a large database of '3C chemical shifts in
proteins, supplementing the data previously available on iso-
lated amino acids and small peptides.

EXPERIMENTAL PROCEDURES

IL-18 Preparation and **C and N Labeling. Recombinant
I1-18 was prepared with Escherichia coli harboring the ex-
pression vector derived from pPLc24 (Buell et al., 1985) in
which II-18 is expressed under the control of bacteriophage
AP, promoter and the ribosome binding site of the bacterio-
phage Mu ner gene (Wingfield et al.,, 1986). Uniform *N
and 3C labeling to a level of >95% was obtained by growing
the bacteria in minimal medium with 'NH,Cl and ['*Cq]-
glucose (Isotec Inc. and MSD Isotopes) as the sole nitrogen
and carbon sources, respectively. IL-13 was purified as de-
scribed previously (Wingfield et al., 1986; Gronenborn et al.,
1986). The sample for the NMR experiments contained 1.7
mM uniformly SN/3C-labeled IL-18 in 90 mM sodium
phosphate buffer, pH 5.4, dissolved in either 99.996% D,0
(for the 3D HCCH-COSY, HCCH-TOCSY, and *C-'H
NOESY-HMQC experiments) or 90% H,0/10% D,0 (for
the 3D HNCA experiment).

NMR Spectroscopy. All NMR experiments were carried
out at 36 °C on either a Bruker AM600 or a Bruker AM500
spectrometer, operating in the “reverse” mode. The pulse
sequences used for the 3D triple-resonance HN-N-13Cq
correlation experiment (HNCA,; Ikura et al., 1990a; Kay et
al., 1990b) and the 3D double-resonance HCCH-COSY (Kay
et al., 1990a; Bax et al., 1990a) and HCCH-TOCSY (Bax
et al., 1990b) experiments have been described in detail pre-
viously and therefore will only be summarized below.
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The pulse sequence for the 3D HNCA experiment is

IH  90-1-1804-1-90g2 1804 90, 1804 90,  904-1-1804-T-Acq
15N 180g1 90g3-11/2-  -t1/2-8- 18045 -3-905 1804 Dec
3¢ 180, 90p4-t/2- -1/2-90,

13co « Decouple -

The phase cycling used is as follows: ¢1 = x,—x; ¢2 = y,-y;
$3=x ¢4 = Z(X),Z(—X); ¢5 = 4(x)’4(y)9 4(—x),4(—y); Acq
= x,~X,-x,x,—x,X,X,~X. The phases ¢3 and ¢4 are independ-
ently incremented by 90° to generate complex data in the ¢,
and ¢, dimensions, respectively, and quadrature detection in
both the ¢, and ¢, dimensions is achieved according to the
TPPI-States method (Marion et al., 1989). The delay 6 (33
ms) is adjusted to an integral value of 1/Jyy to ensure that
BN magnetization remains antiphase with respect to the
coupled proton and to approximately 1/(3/nc,) to minimize
relaxation losses and optimize transfer between the N and
BCa spins where significant ’N-'3Ca coupling is present. The
delay 7 is set to 2.25 ms, slightly shorter than 1/(4Jyy) to
minimize relaxation losses. The HNCA experiment was re-
corded on a 500-MHz spectrometer equipped with a 5-mm
triple-resonance probe head with the inner coil tuned to 'H
and 2H and the outer coil tuned to '3C and 'SN. The N
pulses were generated by the X channel of the spectrometer,
while the 3Ca and '3CO pulses were generated with two
additional frequency synthesizers. '*CO and N decoupling
were achieved with GARP (Shaka et al., 1985) and WALTZ
(Shaka et al., 1983) modulation, respectively. The 'H carrier
was placed at 8.67 ppm, the 5N carrier at 118.5 ppm, and
the 1*Cq carrier at 56 ppm. Suppression of the water reso-
nance was carried out with off-resonance DANTE-style pre-
saturation of the H,O signal (Kay et al., 1989). A total of
32 complex ¢, (°N), 64 complex ¢, (1*C), and 512 real ¢; ('H)
data points were collected with acquisition times of 30.08 (z,),
14.85 (¢,), and 64 ms (¢;) and spectral widths of 1064.28 Hz
(1)), 4310 Hz (1), and 4000 Hz (¢;). The total measurement
time for this experiment was approximately 32 h.

The pulse sequence for the 3D HCCH-COSY experiment
is

H 90y1-u2- -y g1 18047 180, 9043
3¢ 180g3  t-180p4-1-90y-1p/2-81-  -tp/2-180y5-81-096-A-52-180,-A-  -82-90;-
13co 18047

t 180, -Acg

13C 1-1806-7-90,-90p6-Dec

and that for the HCCH-TOCSY experiment is

H 90y un- e %041 18042 180, 9043
3¢ 180g3 180490y 2-1p/2-81-  -1/2-18045-51-SLgg-DIPS],-52-180x-52-90, -
3co 18047

B 180, -Acq

3¢ -1-180¢6-t-90X-90¢6-Dec

The phase cycling for both experiment is as follows: ¢1 = y,~y;
2 = 4(x),4(),4(-x),4(-p); $3 = 8(x),8(-x); 4 = 2(x),2(-x);
#5 = 2(x),2(1),2(=x),2(-p); 96 = 4(x),4(-x); ¢7 = 8(x),8(y);
Acq = 2(x,~x,—x,x),2(-x,x,x,—x). Quadrature detection in
the ¢, and ¢, dimensions is obtained with the TPPI-States
method (Marion et al., 1989) using ¥1 = 16(x),16(y) and ¢2
= 32(x),32(y). Each time ¢, is incremented, the receiver
reference phase and Y1 are incremented by 180°; similarly,
each time ¢, is incremented, the receiver phase and 2 are
incremented by 180°. Data obtained for ¥1 = x,y and Y2 =
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x,y are stored separately and processed as complex data. The
180,43 and 1804, pulses are composite 180° pulses (of the
90,180,90, variety). The 'H and !3C carriers were positioned
at 3 and 43 ppm, respectively. The carbonyl 180, pulse used
to decouple the carbonyls is applied as a DANTE series (Kay
et al., 1989) consisting of eight cycles of six 4°-5° pulses, with
the phase of each successive pulse decremented by 60°. The
duration of each cycle is set to 1/6 (~50-60 us), where 6 is
the offset of the carbonyl resonances from the !*C rf carrier.
In the case of the HCCH-TOCSY experiment, the duration
of the spin-lock trim pulse (SL) is 2 ms, and all the pulses of
the DIPSI-3 isotropic mixing sequence (Shaka et al., 1988)
are applied along the xy axis with a 7-kHz rf field strength.
The length used for the DIPSI-3 isotropic mixing period was
24 ms. The delay 7 is set to 1.5 ms, slightly less than 1/(4Jcy);
the delays 61 and 62 are set to ~1/(6Jcy) ~ 1.1 ms, and the
delay A+01 is set to ~1/(8Jcc) ~ 3.25 ms. To eliminate the
need for phase correction in the F; dimension, the duration
of the composite 180° '*C pulse (100 us) was added to the
7 delay between the 180, and 90,, 'H pulses. In the F, di-
mension, phase correction is eliminated by applying the 180,
'H pulse at the end of the first 61 interval. '*C decoupling
during the acquisition period (¢;) is achieved with GARP
(Shaka et al., 1985) modulation. The HCCH-COSY ex-
periment was recorded at 600 MHz while the HCCH-TOCSY
one was recorded at 500 MHz. A total of 128 complex 1, ('"H),
32 complex ¢, (13C), and 512 real ¢, (‘H) data points were
collected for both experiments with acquisition times of 28.16
(11), 10.24 (¢,) and 47.62 (¢;) ms for the HCCH-COSY ex-
periment at 600 MHz and acquisition times of 33.79 (#,), 12.29
(15), and 51.2 (¢;) ms for the HCCH-TOCSY experiment at
500 MHz. Thus, the spectral widths in the F|, and F, di-
mensions were the same for both experiments, 7.57 and 20.71
ppm, respectively, while the F spectral width was 8.96 ppm
for the HCCH-COSY experiment and 10 ppm for the HCCH-
TOCSY experiment. The total measurement time for each
experiment was approximately 70 h. Because the F, spectral
width for both experiments was set to 20.71 ppm, extensive
folding occurs in this dimension, and each 1*C slice contains
resonances corresponding to three different 13C chemical shifts.
In addition to the three correlation experiments, we also
recorded a 'H-B3C NOESY-HMQC experiment (Ikura et al.,
1990b; Zuiderweg et al., 1990) at 600 MHz with a 130-ms
() NOESY mixing time using the pulse sequence
'H 90g1- 1 -90x-Tpy-90x- 18042 Acq
el Dec A0y ty/2-

with phases ¢2 = 4(x),4(y) and Acq = x,2(-x),x,~x,2(x),~x.
Quadrature in F, and F, is obtained with the TPPI-States
method (Marion et al., 1989), with ¢1 = 4(x,~x),4(y,~y) and
¥ = 4[2(x),2(-x)],4[2()),2(-»)] and data for ¢1 = x,y and
¥ = x,y being stored separately to be processed as complex
data. Each time ¢, is incremented, ¢1 and the receiver phase
are incremented by 180°; and similarly, each time ¢, is in-
cremented,  and the receiver phase are incremented by 180°.
1BC decoupling during the ¢, and acquisition periods is achieved
with GARP (Shaka et al., 1985) modulation. The delay A
is set to 3 ms, slightly less than 1/(2Jcy). For convenience
the initial ¢, delay is adjusted such that the phase correction
in F, is —180° for the first-order phase and 90° for the
zero-order phase by setting Af,y/2 = [1150('H) + 47o(*C) /7
+ 1,(0)] by appropriate adjustment of 7,(0) (where At, is the
increment used in the r, dimension). The 'H carrier was placed
at 3.5 ppm and the 13C carrier at 71.8 ppm. A total of 128
complex t, (‘H), 64 complex t, (3C), and 512 real ¢, (‘H) data
points were collected with acquisition times of 24.32 (z,), 10.24

~t2/2-904-A-Dec

Clore et al.

(2,), and 47.62 (¢;) ms, corresponding to sweep widths of 8.76
(F)), 41.42 (F,), and 10.41 (F,;) ppm. Thus, the sweep width
employed in the 13C F, dimension was exactly double that used
for the HCCH-COSY and HCCH-TOCSY experiments. By
this means, any possible ambiguities in 13C chemical shifts
arising from folding are easily resolved by comparing the two
sets of experiments. In addition, the NOESY-HMQC spec-
trum provides an easy means of assigning the '*C chemical
shifts of aromatic carbons bound to protons.

Processing of 3D Spectra. All 3D NMR experiments were
processed on a Sun Sparc workstation using a simple in-
house-written routine for the F, Fourier transform together
with the commercially available software package NMR2 (New
Methods Research, Inc., Syracuse, NY) for processing the
F-F; planes, as described previously (Kay et al., 1989).
Zero-filling (once in each dimension) was employed to yield
a final absorptive spectrum of 128 X 64 X 512 data points for
the HNCA spectrum, 256 X 64 X 512 data points for the
HCCH-COSY and HCCH-TOCSY spectra, and 256 X 128
X 512 data points for the NOESY-HMQC spectrum. The
weighting function applied in the F, and F; dimensions was
a singly 60°-shifted sine bell window function, while a doubly
shifted sine bell function, shifted by 60° at the beginning of
the window and 10° at the end of the window, was used in
the F, dimension (Kay et al., 1989; Driscoll et al., 1990a).

RESULTS AND DISCUSSION

The NH, C*H, and "N chemical shifts had previously been
assigned unambiguously by the 3D 'H-'’N HOHAHA-
HMQC and NOESY-HMQC experiments (Driscoll et al.,
1990a). Because of extensive overlap of C*H chemical shifts,
a helpful first step in the assignment of side chains involves
the sequence-specific identification of '*Ca chemical shifts.
For larger proteins with many degenerate C*H chemical shifts,
the 3Ca shifts cannot simply be determined by recording a
2D 'H-"3C shift correlation spectrum (Brithweiler & Wagner,
1986), and a more sophisticated approach is required. To
correlate the C*H and *Ca chemical shifts of a given residue
unambiguously, we proceeded to use the 3D NH-'SN-13Ca
(HNCA) triple-resonance correlation experiment, which links
the intraresidue NH, !*N, and *Ca chemical shifts via the
large (95 Hz) one-bond !Jyy coupling and the relatively small
(8-12 Hz) one-bond 'Jyc, intraresidue coupling (Ikura et al.,
1990a; Kay et al., 1990b). Briefly, the HNCA experiment
transfers magnetization originating on an NH proton to its
directly bonded SN spin via an INEPT sequence, followed by
the evolution of *N chemical shifts during the period t,.
Subsequent application of 90° pulses to both 'H and *Ce spins
establishes three-spin NH-'N-'3Ca coherence, and the ev-
olution of solely 13Ca chemical shifts during the period 1, is
ensured by refocusing of 'H and N chemical shifts through
the application of 'H and '*N 180° pulses at the midpoint of
the ¢, period. Magnetization is then transferred back to the
NH protons by simply reversing the above procedure. The
end result is a 3D spectrum in which each peak is labeled by
N, Ca, and NH chemical shifts in the F,, F,, and F;,
dimensions, respectively.

Several slices of the 3D HNCA spectrum at different '>N-
(F}) chemical shifts are shown in Figure 1. It will be noted
that, in addition to the intraresidue NH(#)-""N(i)—-Ca(i)
correlations, there are also weaker interresidue NH(/)—!°N-
()-Caf(i-1) correlations which arise via the small (<7 Hz)
two-bond %Jyc, interresidue coupling. A total of 61 such
sequential connectivities were observed, all of which confirmed
the previous assignments. Further, these interresidue two-bond
J connectivities enabled us to obtain the *Ca chemical shift
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FIGURE 1: Representative slices at six different *N(F,) chemical shifts of the 3D HNCA spectrum of uniformly *N/!*C-labeled IL-18. The
intraresidue NH({)~1*N(#)-1*Ca({) correlations are indicated by the residue name and number, while the weaker interresidue NH(i)~'*N(i)-3Ca(i~1)

cross-peaks are indicated by residue number only.

assignments for seven of the eight proline residues [see for
example the Val-3(NH)-Val-3(**N)-Pro-2(!*Ca) cross-peak
at 8"*N = 119 ppm in Figure 1]. From the HNCA experiment
alone we were able to obtain the *Ce chemical shifts for all
but nine residues (Ala-1, Ser-17, Asn-53, Leu-62, Lys-63,
Pro-91, Ser-114, Ile-143, and Thr-144) which did not show
any correlations peaks. This may be due to either significant
line broadening of the NH, N, or *Ca line widths or to a
reduction in NH resonance intensity arising from NOE effects.
The latter is due to the selective presaturation employed to
suppress the water signal and may involve either bound water
or C*H protons degerate with the water resonance or rapidly
exchanging side-chain amide and guanidinium groups. In the
case of Leu-62 and Lys-63, the absence of HNCA correlation
peaks is in all likelihood due to the large >N line widths for
these two residues arising from exchange contributions to T,
(Clore et al., 1990b).

With all the C*H resonance assignments in hand, together
with the large majority of *Co assignments obtained from the
HNCA experiment, it is now possible to use the HCCH-
COSY (Bax et al., 1990a) and HCCH-TOCSY (Bax et al.,
1990b) experiments to delineate the amino acid spin systems.
The basis of the two experiments is similar, and they make
use of the well-resolved one-bond 'H-'*C (~140 Hz) and
13C-13C (30-40 Hz) J couplings to transfer magnetization,
thereby circumventing the problems associated with conven-
tional methodologies (e.g., "H-'H COSY, HOHAHA, etc.)
which rely on the poorly resolved (<12 Hz) 'H-'H J couplings.
The scheme for the two experiments is also similar. In the
first step, 'H magnetization from a proton is transferred to
its directly bonded !*C nucleus via the 'Jey coupling in an
INEPT-type manner. In the second step, *C magnetization
is transferred to its 1>C neighbor(s) via the /¢ coupling. In
the case of the HCCH-COSY experiment, this is achieved by
a 90° 13C COSY mixing pulse so that magnetization is only
transferred from a '3C nucleus to its directly bonded *C
neighbors; in the HCCH-TOCSY experiment, on the other
hand, isotropic mixing of '3C spins is achieved such that both
direct and multiple relayed magnetization transfer occurs along
the carbon chain (Fesik et al., 1990; Bax et al., 1990b). Fi-
nally, '*C magnetization is transferred back to 'H via the 'Jy

3¢ F2

7

4
L HF

FIGURE 2: Schematic diagram of two slices of an HCCH spectrum
at different >)C(F,) chemical shifts showing the diagonal and
cross-peaks expected for a simple two-spin system. The diagonal peaks
are represented by circles and the cross-peaks by squares. Note that
each slice is asymmetric about the diagonal, and cross-peaks only
appear in the Fy dimension. This is due to the fact that magnetization
originating from a proton attached to a given 1*C nucleus is only visible
in the F, slice corresponding to the *C chemical shift of this particular
13C nucleus. The corresponding cross-peak at the other side of the
F| = F, diagonal is found in the slice taken at the 1*C frequency of
the destination carbon.

coupling. The final result is a 3D spectrum in which each
YH(F,)-'H(F) plane has an appearance similar to that of a
2D 'H-'H COSY or HOHAHA /TOCSY experiment but is
edited by the 1*C chemical shift of the '3C nucleus directly
bonded to the 'H at the diagonal position from which
magnetization originates. Further, in contrast to the 2D
correlation experiments, the cross-peaks in each plane do not
occur symmetrically on either side of the diagonal. This is
represented diagrammatically in Figure 2. Consider the case
where magnetization is transferred from proton A to proton
B. In the plane corresponding to the '3C chemical shift of the
13C nucleus directly bonded to proton A where magnetization
originates, a correlation is observed between a diagonal peak
at (F1,F;) = (865,04) and a cross-peak at (Fy,F3) = (8,,0g) in
half of the spectrum. The symmetric correlation between the
diagonal peak at (F|,F3) = (6g,0p) and the cross-peak at (F,,F;)
= (8g,8,) is then seen in the plane corresponding to the 13C
chemical shift of the *C nucleus directly bonded to proton
B. By this means, unambiguous checks on the assignments
are afforded at each step in the process, which are made all
the easier as the 1*C chemical shifts for different carbon types
are located in characteristic regions of the '3C spectrum with
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FIGURE 3: Selected slices at different '’C(F,) chemical shifts of the HCCH-COSY spectrum of uniformly !N /'3C-labeled IL-18, principally
illustrating connectivities involving Gly and Ser residues. Note, that owing to the small sweep width (20.71 ppm) employed in the 1*C(F,)
dimension, extensive folding occurs, so that each slice corresponds to several 1*C chemical shifts with a separation of 20.71 ppm. Note that
the separation between successive slices in the F, dimension is 0.32 ppm (48 Hz), so that cross-peaks originating from a particular proton may
appear in adjacent slices.

little overlap between them (Howarth & Lilley, 1978). This , — — 2

feature also permits one to use extensive folding in the *C(F,) 13C (F2) = 3761 ppm R

dimension without the risk of introducing ambiguities. Fur- . i

ther, this enables one to resolve problems associated with L 3

extensive chemical shift degeneracy. For example, even if the

C2H, 3Ca, and CPH chemical shifts of two residues are de- T ™ 5 =

generate, one can still ascertain that two residues rather than a 'S 3% o

one are involved and trace out the connectivities for the re- N7 Nms g

mainder of the two spin systems, providing the 3C8 chemical o " — i 4 . 3 E

shifts of the two residues are different. v24 gp%o: pofe— K b
“The HCCH-COSY experiment is particularly useful for ! o P F -

identifying Gly, Ala, Thr, and Val spin systems, as well as 13¢ (F2) = 38.92 ppm " . ' 4

amino acids of the AMX type (e.g., Ser, Cys, Asn, Asp, His, 6 5 4 3 5 1

Tyr, Phe, and Trp). This is illustrated in Figures 3-5. Figure 1H F3 (ppm)

3 p.”“c‘Pa“y demor_lstrates the use of the H(.:CH-COSY ex- FIGURE 4: Selected slices at different '3C (F,) chemical shifts of the

periment for the assignment of Gly and Ser spin systems. Both HCCH-COSY spectrum of uniformly 1N /%3C-1 abeled IL-18 illus-

these residues tend to pose problems in conventional 'H-'H trating connectivities from the C°H to C*H protons for AMX spin

correlation spectra as the proton resonances are often very close systems. In the bottom panel, two cross-peaks from the CtH to the

to each other. Each slice corresponds to several 13C shifts C?H protons of a lysine residue are assigned. These peaks originate

13 . _ from one of the four lysine residues (out of a total of 15 lysines present
separated by 20.71 ppm. Gly "Ca shifts occur at 42-46 ppm, in IL-18) for which complete side-chain assignments could not be

while 3Ca and 3Cg shifts of Ser occur at 55-60 and 61-67 obtained.
ppm, respectively. The two Gly C*H protons are attached to

the same Co carbon, so that a symmetric pattern appears always upfield of the C8 one. Examples of other cross-peaks
about the diagonal. The same is true, of course, for §-meth- arising from the CPH protons of AMX spin systems are il-
ylene protons. However, the 3-methylene protons are also lustrated in Figure 4 for a number of Tyr, Phe, Asn, and Asp
associated with cross-peaks to the C*H proton. Consequently, residues. The assignment of Ala spin systems is also com-
there is no difficulty in deciding which peaks originate from pletely straightforward as only two 3C and 'H shifts are
C=H protons of Gly and C®H protons of either Ser (left-hand involved.

and middle top panels of Figure 3) or another AMX spin Thr and Val spin systems display characteristic connectiv-
system such as Phe whose C8 has a chemical shift similar to ities originating from the C®H protons to the C*H and C"H
that of the Gly Ca (right-hand top panel of Figure 3). The methyl protons. The Thr C8 chemical shifts are at 70-73 ppm,
assignment of the Ser spin system is easily checked by exam- while those of Val are at 31-37 ppm, so the cross-peaks arising
ining the slices corresponding to the Ca and C8 chemical shifts from a CPH proton of a Val or Thr residue can be distinguished
of Ser (e.g., left-hand and middle bottom panels of Figure 3). (irrespective of arguments based on C°H chemical shifts) even
In this respect, we note that in conventional 'H~'H correlated when the chemical shifts of the two methyl proton resonances
spectra it is often difficult to ascertain the C*H and C°H of Val are degenerate. Some examples of connectivities arising
chemical shifts of Ser for cases where the CPH shifts are from the CPH proton of Thr are illustrated in Figure 6 (middle
degenerate, as the latter may lie to both low and high field panel).

of the C*H shifts. In the case of the HCCH-COSY experi- Despite the resolution afforded by the *C(F,) dimension
ment, this is simply resolved as the 13C chemical shifts of the in the HCCH-COSY experiment, problems still remain with

Ca and Cg carbons differ by 2-10 ppm, with the Ca resonance regard to the assignment of other spin systems. For example,
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FIGURE 5: Amount of net intraresidue carbon—carbon magnetization transfer occurring during the DIPSI-3 mixing period in the HCCH-TOCSY
experiment, assuming a relaxation rate of '*C magnetization during isotropic mixing equal to 33 s™. Because of Joc dephasing during the
81, 82, and ¢, periods in the pulse sequence (see Experimental Procedures), the curves should be shifted toward the left by several milliseconds
for predicting the cross-peak intensities observed in the HCCH-TOCSY spectrum. Cross-peak intensities in the HCCH-TOCSY experiment
are proportional to the amount of carbon-carbon magnetization transfer but are attenuated 2-fold if one of the carbons has two magnetically
inequivalent protons attached and 4-fold if both carbons have nonequivalent protons attached. Reduced effective carbon—carbons J couplings
(Bax et al., 1990b) have been used for calculating these graphs: Ser, J,5 = 35 Hz; Ala, J,5 = 25 Hz; Thr, J4 = 20 Hz, Jg, = 35 Hz; Glu,
Jos = 30 Hz; Jg, = 33 Hz; Val, J 4 = 27 Hz, Jg, = 30 Hz; Pro, J,4 = 27 Hz, Jg, = J,; = 33 Hz; Lys, J,5 = 30 Hz, Jg, = Jg = Jj = 33
Hz; Leu, J 4 = Jg, = 30 Hz, J,s = 33 Hz; lle, J 5 = Jg, = 27 Hz, Jp, = J,; = 30 Hz. AIY multiple-bond carboen—carbon couplings are assumed
to be zero, and couplings between aliphatic and carbonyl resonances have been neglected because the large resonance chemical shift difference
between the aromatic and carbonyl nuclei on the one hand and the aliphatic carbons on the other reduces their effective J couplings to aliphatic
carbons (Shaka et al., 1988; Bax et al., 1990b).

it is frequently the case for Gln, Glu, Met, and Leu spin v v 5T 10
systems ctlhat the chemical shifts of the C#H and CYH protons EQ%Z??=,13C (F2)=21.17 ppmﬁ‘ﬂ 5 15

are similar and sometimes degenerate. Consequently, it is i - — = — = 10
often difficult to locate the CPH-C"H connectivities unam- [‘iﬁ—%ﬁu —cE=0 SEHig@« ‘

biguously in the HCCH-COSY spectrum. These problems T i i i ! 150, =
are even further exacerbated for longer side-chain spin systems 5 g I1ua 8 &
such as Arg, Pro, and Lys. The same problem presents itself a T4 ¥ =
in the interpretation of regular 2D 'H-'H COSY type spectra , T i 